Abstract -The ant fauna of the Pilbara Bioregion, which covers an area of ca. 179,000 km 2 , is reviewed. During surveys undertaken between May 2003 and September 2006, ants were one of the taxonomic groups to receive special attention. The total number of ant species recorded from 24 survey areas was 245, and these were placed in 37 genera and 9 subfamilies. Ants recorded from single quadrats ('singletons') accounted for 18.8% of the species. The most speciose genera were Camponotus (36 spp.), Iridomyrmex (31 spp.) and Melophorus (30 spp.). Based on current knowledge, 43% are purely Eremaean, 8% are primarily Bassian, 6% are primarily Torresian, nearly 17% occur over two of Australia's three biogeographic divisions, and 25% are widespread over all three. At a quadrat level, there was no signifi cant correlation between richness and any environmental variable, while clustering analysis revealed weak environmental correlations with ant assemblage composition. The classifi cation at survey area level identifi ed six groupings of ants; three climatic variables associated with these groupings were identifi ed, namely annual temperature, precipitation in the coldest quarter of the year and annual precipitation.
INTRODUCTION
Biodiversity surveys have become an increasingly important aspect of environmental management in Western Australia (WA) . In recent years, outputs of such surveys have included databases of fl ora, fauna and soil type (FloraBase, etc.) . These have paved the way for mapping fl oristically or faunistically rich areas for gazettal as conservation reserves, for identifying ecological processes important for ecosystem functioning, and for examining the effects of land use on the environment (e.g. surveys of Kimberley rainforests, Southern Carnarvon Basin, Western Australian agricultural region). Since 2003, the Pilbara Bioregion of Western Australia has been subject to a regional survey of its biodiversity (McKenzie et al. 2009 ). The emphasis has been on detecting broad-scale biogeographic trends in order to provide a regional framework for assessing conservation priorities. Particular attention has been paid to localised occurrences of terrestrial and aquatic invertebrates, both on the surface and in groundwater. This paper analyses and discusses the distribution of ant species in the Pilbara Bioregion.
The ant fauna of Australia has been recognised as one of the richest in the world. Shattuck (1999) recognised 1275 described Australian ant species, with the proviso that the fi nal fi gure could be much higher. Currently, approximately 1365 taxon names can be obtained from the CSIRO site 'Ants Down Under', with many recently described species not yet added to the database. In total, 710 Western Australian species and morphospecies of ants from 64 genera are recognised in the Curtin University of Technology Ant Collection.
Regional diversity patterns are quite variable, with 243 species recognised for the southern Carnarvon Basin (Gunawardene and Majer 2004) and approximately 500 species for the SouthWest Botanical Province (Heterick 2009 ). There is a considerable degree of overlap between the temperate and northern faunas. The ant fauna of the Kimberley and of the eastern deserts has not yet been subject to intensive survey, although small surveys have been made in particular vegetation types (Andersen and Majer 1991; Gunawardene and Majer 2004) . The fi nal species richness for the whole State of Western Australia, therefore, cannot yet be determined, but is likely to be under 1000 species. Nonetheless, this is a rich fauna, with a high degree of endemicity.
This paper documents the ant species collected in the Pilbara Bioregional Survey and augments the current knowledge of ant species diversity of WA. These results increase our understanding of broad-scale patterns of species distribution within the State and across Australia. We also present analyses of species richness, abundance and species composition in relation to regional climatic, geomorphological and vegetative patterns.
METHODS

Study area
The Pilbara Bioregion covers ca. (May and McKenzie 2003) . The Pilbara Bioregion is divided into four subregions (Figure 1 ), each with distinctive landscapes (May and McKenzie 2003) . The Hamersley Range subregion is characterised by two basic vegetation types-mulga (Acacia aneura) woodland over bunch grasses (Aristida spp., Enneapogon spp.) on fi ne-textured soils, and snappy gum (Eucalyptus leucophloia) over Triodia brizoides on skeletal soils. The Fortescue Plains subregion includes salt marsh, mulga-bunch grass and various short grass communities and also contains the northernmost occurrence of mulga. The Chichester subregion is dominated by scrub steppe on Archaean granite and basalt plains and ranges. Here, Acacia inaequilatera is the most typical shrub, growing over Triodia wiseana, a hummock grass. On the ranges, snappy gum can be found. Finally, the Roebourne subregion includes extensive dwarf shrub steppe dominated by Acacia translucens and Triodia pungens on the alluvial plains. Samphire (Tecticornia), Sporobolus grass and mangrove swamp (known as mangal) typically occur along the marine fl ats.
Sampling strategy
Twenty-four survey areas (Figure 1) , comprising a total of 304 quadrats, were sampled. The survey areas were relatively evenly distributed throughout the study area, with 11 to 13 quadrats positioned in each area to represent different components of its geomorphic and topographic profi les. Quadrats were placed in the less disturbed patches of each habitat type, away from such areas as stock watering points. The more extensive geomorphic units in each survey area were sampled with more than one quadrat. Each quadrat was a 50 × 50 m block, with a pitfall trap at each of the four corners and one in the centre. Each pitfall trap was a 2 L UV-stabilised plastic jar inserted into a PVC sleeve (internal diameter 125 mm and 250 mm in length) fl ush with the ground. During the fi rst four months of sampling, the pitfall traps were left uncovered. Thereafter, two hoop iron stands were placed between the trap and the sleeve, holding a 200 × 200
Figure 1
The Pilbara bioregion with the 24 survey areas and the individual quadrats marked by symbols. The subregions are also identifi ed. A set of 19 climatic attributes (from a maximum of 35) was derived for each quadrat using BIOCLIM (Nix 1986; Houlder et al. 2001) and assessed along with 14 soil and geomorphic values (Wyroll et al. 2000) and a wide range of additional geographical and vegetative attributes (Appendix A to D in McKenzie et al. 2009 ).
Numerical and statistical analysis
A Mao Tau species accumulation curve, with ACE and ICE estimators (using Sample-based Rarefaction, EstimateS 8.0.0), was carried out to assess sampling effort and provide an estimation of total species richness for the region.
All species were categorised based on Spencer's (1896) biogeographic division of Australia into Bassian, Eyrean and Torresian faunal 'subregions'. The assignment of species among these biogeographic divisions was, at times, tentative, given the lack of knowledge for many species. These limitations were taken into account when analysing the results.
Analysis of similarity in Primer (ANOSIM and BEST) (Clarke and Gorley 2006) was used to check for signifi cant correlations between ant richness and environmental and habitat variables. Signifi cant inter-correlations (i.e. r s > 0.7) between the environmental attributes were identifi ed using Spearman's rank order correlation coeffi cient.
At quadrat level, numerical procedures in the computer package PATN (Belbin 1989 (Belbin , 1991 were used to classify quadrats in terms of their similarities (Bray-Curtis) in species composition. Species were also clustered according to their cooccurrences at the same quadrants (Two-step).
By pooling the quadrat data for each survey area, the 24 survey areas could be classifi ed in terms of their overall species composition. At this broader scale, the soil, topographic and vegetative variables are irrelevant as they are properties of the individual quadrats that vary greatly within each survey area, so only the geographic (latitude, longitude and distance from coast (DistCst)) and climatic variables, averaged for each survey area, could be used.
PATN-generated box and whisker plots were used to identify variables that showed differences between clusters. Differences were quantifi ed using a permutational multiple ANOVA, in the software package PERMANOVA+ (Anderson 2005) , for each of the variables, using partial sum of squares and unrestricted permutation of the data (i.e. 9999 permutations).
RESULTS
Species richness
A total of 245 ant species and morphospecies (hereafter considered as species) from 9 subfamilies and 37 genera was collected across 294 quadrats (Appendix 1). Names were assigned to 130 species (53% of the total) with reasonable confidence. The 43 species caught at only one quadrat (i.e. 'singletons') accounted for 18.8% of the survey richness. Although 38 quadrats had singleton species, no quadrat had more than two singletons. They accounted for, at most, 12.5% of the richness at a quadrat at an average of 6.4%, not including quadrats where there were no singletons. At the survey area level, all but three (WYE, PHYC and MBW) had singletons. There were no more than four singletons at any one survey area, and they never accounted for more than 5% of the richness.
Species accumulation shows a typical curve towards an asymptote (Figure 2 ). The mean coverage estimator of species richness based on abundance (ACE) was 280 and that based on incidence (ICE) was also 280. According to sampling effort, a further 35 species have the potential to be captured in this bioregion. This should be viewed within the context of the sampling limitations of pitfall trapping. Arboreal and solitary foraging species may be sampled ineffectively by pitfall trapping and as such could infl uence this estimation.
An average of 17 species (including singletons) was recorded per quadrat, with a minimum of 4 and a maximum of 42 (SD = 6.1). There was an average of 76 species per survey area, with a minimum of 54 and a maximum of 96 (SD = 37). Individual species were found to range over an average of 21 quadrats (1-235; SD = 36.2) and 7.6 survey areas (1-24; SD = 11.4). There was no signifi cant correlation between quadrat richness and any environmental variable. However, there was a signifi cant relationship (P = 0.127), albeit a very weak one, between the average quadrat richness and the subregions Roebourne (SD = 17.8) and Chichester (SD = 17), and of P = 0.144 between Fortescue (SD = 16.8) and Chichester (SD = 17).
The two survey areas richest in ants were DRW (96 spp.) in the Roebourne subregion and RHNW (94 spp.) in the Fortescue subregion; the poorest were TCMBC (59 spp.) in the Hamersley subregion and MBW (60 spp.) in the Chichester subregion (Figure 3 ).
The two most common ant species were Camponotus discors Forel and Monomorium disetigerum Heterick (224 quadrats). Nine of the 10 most common species were from the genera Camponotus, Iridomyrmex and Melophorus, with 36, 31 and 30 species, respectively. Thirteen of the 37 genera were represented by only a single species, and 25 contained fewer than 5 species. Only 7 genera had more than 10 species.
Biogeographic distribution
Based on current knowledge, all species were categorised in terms of their biogeographic origin as Eyrean, Torresian, Bassian or widespread.
Nearly 17% of the total species occur across two biogeographic provinces. More than 43% of the species were classifi ed as only Eyrean, and 26% were widespread species, occurring across all three biogeographic divisions. Only 8% and 6% of the species were primarily Bassian or Torresian, respectively. Except for species of Bassian origin, there was no difference in the regional distribution of any of these groups, i.e. they all occurred uniformly across the entire bioregion. Twenty-one of the 31 Bassian species (including 12 that also extend into the Eyrean division, and one that extends into the Torresian division) occurred almost exclusively along or south of the Fortescue River (Figure 4 ).
Quadrat-level classifi cation
Singleton species, along with quadrats where sampling problems were encountered, were removed, leaving 294 quadrats and 199 species. The classifi cation analyses did not reveal discrete clustering among either the quadrats or the species, even when common and uncommon species and widespread and localised species were analysed separately to isolate their potentially confl icting infl uences. When Primer was used to assess the classifi cation results in terms of the environmental variables, Global 'R' was not significant until the data were split into more than 60 groups of quadrats. Even at that level, Global 'R' was only weakly signifi cant.
Figure 2
Incidence-based (presence/absence) species accumulation curve (ICE) of the ant fauna data using the observed number of species (Sobs Mao Tau) in EstimateS version 8.0.0 (Colwell 2006) .
Figure 3
Survey areas described in terms of relative ant species richness. The largest circles represent the richest survey areas, the smallest circles the most depauperate sites. Survey areas falling between these two extremes are depicted proportionately in relation to their species richness.
Figure 4
The distribution of species considered to be of Bassian origin.
Survey area level classifi cation
In terms of species composition, the survey area classification revealed geographically discrete clustering down to the six-group level (Figures 5  and 6 ). These clusters did not correspond with the subregional boundaries.
• Group 1 consists of BDRN and TCMBC, located at the periphery of the Pilbara bioregion, the former being in the south-east of the Chichester subregion, and the latter in the south-south-east of the Hamersley subregion.
• Group 2 comprises BDRS, TCMBE, PE and the three Roy Hill/Newman survey areas (i.e., RHNE, RHNW and RHNC). This group separates the two Group 1 survey areas, covers most of the Fortescue subregion and extends into the eastern Hamersley subregion.
• Group 3 immediately adjoins the Group 5 survey sites. DRC lies around Karratha, and further east lie the two Marble Bar and the two Nullagine survey areas. The latter extends to the eastern boundary of the Pilbara bioregion. DRC lies in the small area of the Chichester subregion that splits the Roebourne subregion into two. The remainder of the survey areas cover the central Chichester subregion.
Figure 5
Dendrogram of hierarchical clustering in PATN for survey areas.
• Group 4 comprises the cluster of survey areas east of Group 6 and west of Group 2. This group covers DRW on the coast. South-south-east are OYE and PW, and further in that direction lie WYE and TCMBW. This is the only group that extends across all four subregions. The bulk of the sites, however, lie in the Hamersley subregion.
• Group 5 is made up of the northernmost survey areas: i.e. DRE and the three Port Hedland/ Yarrie sites (PHYC, PHYE and PHYW). The area under these sites covers most of northern Roebourne and extends into the north-eastern Chichester subregion.
• Finally, Group 6 survey sites, i.e. OYW and WYW, are also on the periphery of the bioregion, but lying to the south-west. They are the two most westerly survey areas, and both straddle the boundary between the Hamersley and Roebourne subregions. The PATN generated box and whisker plots ( Figure 7 ) identified a combination of annual precipitation (Pann), annual temperature (Tann) and precipitation in the coldest quarter (PcoQ) as providing the clearest visual separation between the six groups. 
DISCUSSION
The number of ant species collected in the Pilbara Biodiversity Survey is just over half the number of species believed to exist in the SouthWest Botanical Province. The species accumulation curve strongly suggests that at least 85% of the ant fauna has been sampled, and that the total number of species is less than 300. Although the high number of undescribed species (nearly 50%) requires a certain amount of caution, recent taxonomic revisionary work suggests that the number of species recognised for an Australian ant genus approximately doubles after it has been examined in detail (Shattuck 1999) . This would seem to indicate that the relative proportions of the recognised species and mostly undescribed morphospecies listed in this paper should equate reasonably closely with their actual proportions within the total ant fauna for the bioregion. The rather pessimistic views that are sometimes expressed about the progress still required to describe species among those genera with a high arid-area species component (e.g. Andersen 2007) are not supported here. Moreover, the commonly touted notion that ants in Australia are particularly diverse in arid and semi-arid regions (e.g. Greenslade 1979; Andersen 2007) does not seem to hold up, at least in Western Australia.
Although terrestrial ants appear to have diffi culty in highly moist substrates with regards to nest construction and maintenance, the richest Australian ant communities outside the tropical rainforests do seem to be associated with wellwatered but not overly cool environments. The finding that the Pilbara survey areas with the highest ant richness are associated with flood plains (Fortescue subregion) or are close to the coast (Roebourne subregion) is consistent with the hypothesis that ants respond to the presence of well-watered alluvial soils and the structurally and taxonomically more complex vegetation associated with them. Thus, it is no surprise that the Pann values separated the survey areas of Group 1 from the rest. Table 1 gives further support to this view, as it shows that Pann is negatively associated with longitude: the more arid Chichester subregion in the interior had the lowest richness counts ( Figure  3 ). The richest of the Group 2 survey areas in the Fortescue subregion receives higher rainfall (Yandi Mine, slightly to the south of RHNW, received a total of 534 mm between 1998 and 2007, Lim and Holmes 2008) . The richest of the Group 4 survey areas in the Roebourne subregion, DRW, has a lower rainfall (nearby Mardie has a mean annual rainfall of just 272 mm, Bureau of Meteorology 2009) but this is counteracted by the close proximity of the Fortescue River. Lower rainfall is also a feature of Groups 1 (Paraburdoo, near survey area TCMBC, receives 283 mm annually, Bureau of Table 1 PERMANOVA results for the three variables examined, these being the variables that provided the clearest visual separation between the six groups. Pann = annual precipitation; Tann = annual temperature and PcoQ = precipitation in the coldest quarter. Note: Tann is highly correlated with latitude (0.81), and PcoQ is highly correlated with longitude (0.87). . Low rainfall and the absence of a nearby large watercourse may have a direct effect on ants via the existence of harsh, unfriendly microenvironments, or indirectly by restricting potential prey or nectar sources. The low richness recorded for MBW may also be the result of fairly recent, extensive wildfi re in the bioregion (Hick et al. 1998 ).
Tann
The differences between the ant assemblages in the survey areas are interesting. A comparison between DRW (Group 4), and MBW (Group 3), is particularly apt, since they are virtually on the same latitude, but DRW is near the coast, while MBW is 100 km inland. A close analysis reveals that MBW shared 52 of its 60 ant taxa (86.7%) with DRW. Those found in MBW but not DRW belong to several genera and show no particular pattern. On the other hand, 44 ant taxa were found in DRW but not MBW. These included 10 Polyrhachis spp., which are omnivorous and nectarivorous (Shattuck 1999 ). This suggests that survey area DRW has a suitably diverse flora that enables these ants to occupy a range of niches. The number of species from the genera Melophorus, Meranoplus, Monomorium, Pheidole and Tetramorium may be responding to the abundance of small seeds and possibly also arthropod carrion at DRW. All these genera include species with a strong vegetable component in their diet, e.g. ants in the Melophorus wheeleri complex are seed collectors and were found at site DRW but not MBW. Another genus found at DRW but not MBW was Cerapachys, which are specialist predators of other ants. Where abundance of suitable prey is high, Cerapachys workers, although usually sparse and rarely collected, may reach suffi cient numbers to be collected in pitfall traps.
The second environmental parameter of significance was Tann. The lower annual temperatures experienced by survey areas along and south of the Fortescue River are the likely reason that ant species with a predominantly Bassian distribution may be found there. Whether the temperatures PATN generated box and whisker plots for the three variables that displayed the clearest separation between clusters. Pann = annual precipitation; Tann = annual temperature and PcoQ = precipitation in the coldest quarter.
themselves (e. The third variable associated with salient group characteristics was PcoQ. Precipitation in the coldest quarter of the year in Western Australia is associated with two very different climate patterns. Typically, the ant fauna of the south-west of the State has evolved with cool, wet, winters and dry, warm to hot summers. In the north, the summers tend to be hotter, and the winters drier, and ants are adapted to this climatic regime. Summer rainfall patterns tend to be a feature of coastal centres north-east of North West Cape. In the Pilbara, rainfall in winter is generally uncommon, and much of the precipitation comes from summer cyclonic or monsoonal activity. This can result in heavy, fl ooding rains in a short time frame. However, a bixeric rainfall distribution is evident in the western and southern Pilbara (Ruprecht 1996) , and this correlates with increased ant richness in the survey area. In sites that have a secondary wet period (however ephemeral or episodic in nature) along with the usual summer rainfall, soil moisture may be maintained at a suffi ciently high level to enhance plant growth at a time when plants are normally dormant or have died off. Ant activity is linked to this additional seasonal rainfall that results in increased nectar fl ow and insect activity, whereas ants appear to be less active in winter in areas with a winter drought. Niches for additional ant species, not normally found in summer-only rainfall regions, may thus be created.
Since ants are often used as a surrogate for other life forms (Andersen and Majer 2004; Sauberer et al. 2003; Majer et al. 2007) , areas that are rich in ant species are also likely to host a good variety of other organisms. The general richness of survey areas in and around the Fortescue subregion and parts of the Roebourne subregion suggests that these areas should be considered carefully in any future deliberations on ant conservation zones in the Pilbara.
